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1 The non-selective endothelin (ET) receptor antagonist bosentan has been shown to restore
systemic and gut oxygen delivery and reverse intestinal mucosal acidosis in porcine endotoxin shock.
2 To further elucidate the specific role of the ET, as opposed to the ETy receptor and their effects
in the splanchnic region a non-selective (ETyxra) A-182086 and selective ET, (ETara) PD155080
and ETy (ETgra) A-192621 receptor antagonists were administered, separately or simultaneously
(ETx - pra) 2 h after onset of endotoxin shock. These four groups were compared to a control group
receiving only endotoxin and vehicle.

3 Thirty-nine pigs were anaesthetized and catheterized for measurement of central and regional
haemodynamics. A tonometer in the distal ileum was used for measurement of mucosal PCO,.
Blood gases and plasma ET-1-LI levels as well as histological samples from the gut were assessed.
Intervention was started 2 h after onset of endotoxemia and the experiments were terminated after
5h.

4 Endotoxin-induced changes in systemic, gut oxygen delivery and portal hepatic vascular
resistance and systemic acidosis were effectively counteracted by both ET, , gra and ETyxra. ETra
administration was not effective while ETgra proved to be fatal as all animals in this group died
prior to full time of the experiment. While both ET,.gra and ETyyxra improved gut oxygen
delivery only the latter attenuated the profound endotoxin-induced ileal mucosal acidosis.

5 The lethal effect seen from selective ETg receptor antagonism in the current study may be due to
increased ET, receptor activity as plasma levels of ET-1 is increased several fold by blocking the
ETjg receptor and thereby the plasma-ET-1-clearing function. Furthermore, a loss of endothelial ETy
receptor vasodilating properties may also have contributed to the lethal course in the ETgra group
6 The findings in this study suggest that ET is involved in the profound endotoxin-induced
disturbances in splanchnic homeostasis in porcine endotoxaemia. Furthermore, antagonism of both
ET, and ETj receptors is necessary to effectively counteract these changes.
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Abbreviations:

ANOVA, analysis of variance; BE, base excess; CI, cardiac index; CVP, central venous pressure; DMSO,

dimethyl sulphoxide; DO,i, systemic oxygen delivery index; DO,igut, gut oxygen delivery index; ET, endothelin;
ET-1, endothelin-1; ET,, endothelin A receptor; ET, . gra, simultaneous adminstration of ET ra and ETgra;
ETara, ET, antagonist (PD155080); ET-1-LI, endothelin-1-like immunoreactivity; ETg, endothelin B receptor;
ETgra, ETg antagonist (A-192621); ETyxra, mixed ET receptor antagonist (A-182086); GutVRI, gut vascular
resistance index; Hb, haemoglobin concentration; HR, heart rate; MAP, mean arterial blood pressure; MPOa,
myeloperoxidase activity; PCO,, partial carbon dioxide tension; pHa, arterial pH; pHi, intramucosal pH; PO,,
partial oxygen tension; Portal-hepatic VRI, portal hepatic vascular restistance index; PVP, portal venous
pressure; Qpvi, portal venous blood flow index; SaO,, arterial oxygen saturation; SvO,, mixed venous oxygen
saturation; SVRI, systemic vascular resistance index; VO,i, systemic oxygen consumption index; VO,igut, gut

oxygen consumption index

Introduction

Septic shock and multiple organ failure remains the leading
cause of death in the intensive care unit (Marshall ez al., 1995).
A large number of inflammatory mediators are involved in the
complex pathophysiology of sepsis and endotoxaemia. Several
of the manifestations such as pulmonary hypertension,
regional hypoperfusion and extravasation of leukocytes can
be attributed to endothelin (Oldner et al., 1998; Wanecek et al.,
1997). The endothelins are a family of 21 amino acid peptides
with powerful vasoconstrictive properties first described in
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1988 (Yanagisawa, 1988). Endothelin-1 (ET-1), probably the
most important of the endothelins, is mainly produced by the
vascular endothelium, acting on three types of receptors. ET
and ETjy, located on vascular smooth muscle cells mediating
contraction and ETg; located on the endothelium mediating
vasodilation by release of nitric oxide and prostacyclin (Arai et
al., 1994; Pollock & Opgenorth, 1993; De Nucci et al., 1988).
Very high plasma levels of ET-1-like immunoreactivity (ET-1-
LI) have been demonstrated in various septic conditions and
are associated with morbidity and mortality in septic patients
(Weitzberg et al., 1991a; Pittet et al., 1991; Takakuwa et al.,
1994). A well described feature of septic and endotoxin shock
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is disturbances in splanchnic perfusion and oxygen delivery/
demand balance (Dahn et al., 1987; Ruokonen et al., 1993;
Oldner et al., 1998). Hypoperfusion of the gut with
concomitant mucosal acidosis followed by reduced barrier
function and translocation of gut derived bacteria and
endotoxin is a proposed actiology of multiple organ failure
in the critically ill patient (Aranow & Fink, 1996). Infusion of
ET-1 in humans reduces gut perfusion (Weitzberg et al.,
1991b). Furthermore, ET-1 reduces liver blood flow in a dose
dependent manner and has been advocated as an important
meditator of liver perfusion disturbances in septic conditions
(Bauer et al., 1994; Pannen et al., 1996a). In a previous study
from our laboratory administration of bosentan (Ro-47-0203,
Hoffman La Roche), a non-selective ET-receptor antagonist,
during fulminate endotoxin shock in the pig resulted in a total
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restoration of a markedly reduced gut oxygen delivery and a
reversal of endotoxin-induced intestinal mucosal acidosis
(Oldner et al., 1998). The aim of the present study was to
further elucidate the specific role of the ET, and ETjy receptor,
respectively, in gut homeostasis during porcine endotoxaemia.
For this purpose selective ET, and ETy as well as a mixed ET
receptor antagonist were administered separately or in
combination during fulminate endotoxin shock in the pig.

Methods

The experimental protocol for this study was approved by the
Ethics Committee for experiments in animals, Stockholm,
Sweden.
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Figure 1 Systemic parameters. Endotoxin control and treated animals. Onset of endotoxin challenge at 0 h and intervention at 2 h.
ETara=ET, receptor antagonist (PD155080); ETgra=ETpy receptor antagonist (A-192621); ET4 1 gra=simultaneous administra-
tion of ETara and ETgra; and ETyyxra=mixed ET receptor antagonist (A-182086). Data presented as mean (s.e.mean).
Comparison between groups performed using ANOVA for repeated measures prior to intervention (0—2 h) and post intervention
(2.5 or 3—5 h). Significant changes over time prior to intervention for all groups symbolized by #P<0.01. Significant differences
between control group and treated group prior to intervention symbolized by §P<0.05 and during intervention symbolized by

*P<0.05, **P<0.01 and ***P<0.001.
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Anaesthesia and surgical preparation

Thirty-nine landrace pigs of both sexes, weighing 17.3—
23.4 kg, were fasted overnight with free access to water. An
intramuscular injection of ketamine 20 mg kg~' and atropine
25 ug kg=' was used for premedication. Anaesthesia was
induced by pentobarbital 12 mg kg~' intravenously and
maintained by a continuous infusion of pentobarbital 3—
6 mg kg=' h~' and fentanyl 5 ug kg~' h~'. Anaesthetic level
was evaluated prior to administration of muscle relaxants by
pain stimuli to the fore hoof with a forceps. Additional doses
of pentobarbital or fentanyl were given when needed. Muscle
paralysis was achieved by an intravenous infusion of
pancurionum bromide 0.5 mg kg™' h™'. After tracheotomy
the animals were mechanically normoventilated with a gas
mixture of oxygen in air (fraction of inspiratory O, 0.30)
(Servo 900 ventilator, Siemens Elema, Solna, Sweden). The
respiratory frequency was set to 18 resp min~'. Body
temperature was maintained at 38—39°C. A balloon tipped
pulmonary artery catheter was inserted under pressure
guidance via a femoral vein to a position in the pulmonary
artery. For measurement of arterial blood pressure a catheter
was introduced into the abdominal aorta via a femoral artery.
A continuous infusion of isotonic saline with glucose

2.5mgml~' at a rate of 20 ml kg' h™' was maintained
throughout the experiment. A midline laparotomy was
performed. A catheter was introduced into the portal vein.
An ultrasonic flow probe (Transonic Systems Inc., [thaca, NY,
U.S.A.) for continuous registration of blood flow was placed
around the portal vein. For measurement of intestinal mucosal
PCO, a tonometer (sigmoid catheter, Datex Ohmeda, Helsinki,
Finland) was inserted through a small enterotomy in the distal
ileum. A catheter was placed in the urinary bladder for
collection of urine.

At the end of preparation the abdomen was closed and the
animals placed in a left lateral position.

Haemodynamic and blood gas measurements

For continuous measurements and recordings of heart rate
(HR) and mean arterial blood pressure (MAP) the arterial
catheter was connected to a pressure transducer, while central
venous pressure (CVP) and portal venous pressure (PVP) were
recorded intermittently on a polygraph (Grass 7B, Quincy,
MA, U.S.A.). Cardiac output was measured by thermodilution
(Edwards Lab 9520A, St. Ana, CA, U.S.A.) and determined as
the mean of a triplicate of 10 ml of ice-cold saline injections
and presented as cardiac index (CI, indexed to body weight).

Table 1 Systemic parameters. Endotoxin control and treated animals. Onset of endotoxin challenge at 0 h and intervention at 2 h.
Data presented as mean (s.e.mean). Comparison between groups performed using ANOVA for repeated measures prior to intervention

(0—2 h) and post intervention (2.5 or 3—5 h)

0h 1h 3h 4h 5h
Heart rate (beats min ")
Control 178 (16) 224 (14) 218 (8) 229 (9) 218 (8) 205 (1D#
ETxra 179 (13) 222 (11 188 (14) 186 (6) 203 (12) 209 (13)#
ETgra 165 (17) 234 (11) 195 (13) 199 (8) 125 () #
ETx 4 pra 135 (14) 232 (10) 196 (14) 223 (12) 226 (16) 213 24)#
ETmixra 143 (8) 198 (17) 193 (13) 224 (10) 220 (16) 222 (18)#
Systemic oxygen consumption index (ml kg~' min~")
Control 4.0 (0.2) 4.1 (0.2) 4.3 (0.2) 4.6 (0.2) 4.4 (0.2) 42 (0.4)
ETxra 3.9 (0.5) 3.1 (0.3) 4.1 (0.2) 44 (0.4) 4.7 (0.3) 44 (0.2)
ETgra 4.6 (0.4) 4.3 (0.3) 4.8 (0.2) 3.8 (0.1) 0.7 () §
ETx 4 pra 4.3 (0.8) 4.5 (0.2) 4.2 (0.4) 4.1 (0.3) 4.5 (0.4) 3.6 (0.8)
ETmixra 3.2 (0.3) 3.4 (0.3) 3.7 (0.4) 3.8 (0.5) 3.7 (0.4) 3.2 (0.5)§
Mixed venous oxygen saturation (%)
Control 77 (3) 73 (3) 68 (3) 50 (5) 46 (5) 47 (6)#
ETxra 82 (2) 79 (3) 63 (4) 58 (3) 53 (4) 49 3)¢#
ETgra 75 (4) 68 (2) 66 (2) 49 (4) 350 #
ETa . pra 77 (4) 75 (3) 72 (4) 76 (4) 73 (5) 75 (S)#**
ETwmixra 84 (1) 75 (2) 70 (2) 74 (3) 71 (4) 73 (S)#**
Arterial pH
Control 7.40 (0.02) 7.32 (0.02) 7.24 (0.03) 7.16 (0.03) 7.13 (0.04) 7.15 (0.04)#
ETxra 7.40 (0.01) 7.35 (0.01) 7.22 (0.03) 7.14 (0.03) 7.15 (0.02) 7.15 (0.03)#
ETgra 7.39 (0.03) 7.34 (0.01) 7.24 (0.02) 7.16 (0.01) 7.18 () #
ETx 4 pra 7.47 (0.03) 7.36 (0.03) 7.28 (0.04) 7.29 (0.04) 7.27 (0.04) 7.28 (0.04)#*
ETymixra 7.43 (0.01) 7.33 (0.02) 7.29 (0.02) 7.25 (0.02) 7.27 (0.02) 7.29 (0.03)#*
Base excess (mM)
Control —2.5(1.0) —6.5(1.7) —9.8 (1.8) —13.4 (1.7) —15.0 (1.9) —13.8 (2.00#
ETara 2.3 (0.7) —2.8 (1.0) —11.5 (1.5) —13.3 (1.8) —14.0 (1.1) —15.4 (1.5)#
ETgra —19(1.2) —6.4 (1.3) —8.8 (1.3) —14.3 (0.08) —194 () #
ETa 4 pra 0.8 (1.2) —3.2 (2.0 —7.1 (2.0) —6.6 (2.1) —8.2 (2.0) —7.7 23)#*
ETwmixra 0.1 (0.5) —4.5(0.8) —74 (1.1) —8.4 (1.3) —8.3 (1.6) —8.4 (1.9)#*
Haemoglobin concentration (g 17"
Control 117 4 137 (4 125 (3) 118 (5) 112 (6) 113 (8)#
ETxra 127 (5) 148 (4) 138 (5) 132 (6) 131 (9) 126 (9)#8§
ETgra 112 (4 125 4 107 (6) 107 (3) 95 () #§
ETx +pra 119 (5) 136 (4) 114 (7) 110 (5) 110 (7) 110 (7)#
ETwmixra 108 (3) 135 (5) 121 (8) 111 (6) 106 (5) 103 (6)#

Significant changes over time prior to intervention symbolized by #P <0.001. Significant differences between control group and treated
group prior to intervention symbolized by §P<0.05 and during intervention symbolized by *P <0.05. **P<0.01, ***P <0.001.
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Figure 2 Splanchnic parameters. Endotoxin control and treated
animals. Onset of endotoxin challenge at 0 h and intervention at 2 h.
ETara=ETA receptor antagonist (PD155080); ETgra=ETg antago-
nist receptor (A-192621); ET4 +gra =simultaneous administration of
ETara and ETgra; and ETyyxra=mixed ET receptor antagonist

Systemic vascular resistance index (SVRI) was calculated as:
[(MAP—CVP) ClI~']. Portal blood flow was recorded con-
tinuously on the polygraph and indexed to body weight (Qpvi),
presented as ml min~—' kg='. Gut vascular resistance index
(GutVRI, including pancreas and spleen) was calculated as:
[(MAP—PVP) Qpvi~!]. The portal venous hepatic vascular
resistance index (portal-hepatic VRI) was calculated as:
[(PVP—CVP) Qpvi~']. Blood was collected from the arterial,
pulmonary artery and portal venous catheters for analysis of
blood gases and acid base status (PO,, PCO,, pH, HCO; ™ and
base excess (BE)) on an ILS 1610 blood gas analyzer
(Instrumentation laboratories, Warrington, Cheshire, U.K.).
Systemic oxygen delivery index (DO,i) was calculated as:
[SaO, x Hb x 0.0139 x CI] and systemic oxygen consumption
index (VO,i) as: [SaO,—mixed venous oxygen saturation
(SvO,) x Hb x 0.0139 x CI]. Gut oxygen delivery index (DOi-
gut, including pancreas and spleen) was calculated as:
[Qpvi x Hb x 0.0139 x SaO,] and gut oxygen consumption
index (VOsigut, including pancreas and spleen) as:
[Qpvi x Hb x 0.0139 x SaO,-portal venous oxygen saturation].

Biochemical analysis

Arterial and portal plasma levels of endothelin-1-like
immunoreactivity (ET-1-LI) were analysed with radioimmu-
noassay as described by Hemsén (Hemsén, 1991). Hb was
measured spectrophotometrically (Haemoglobin photometer,
LEO, Helsingborg, Sweden).

Endotoxin

Escherichia coli lipopolysaccharide endotoxin (serotype
0111:B4, Sigma, St. Louis, U.S.A.), dissolved in a saline and
warmed in order to dissolve any precipitate was used.

Tissue analysis

Biopsies were taken from the distal ileum prior to endotox-
aemia (n=28) and in the control (n=06), ET,.pra (n=5) and
ETwixra (n=4) groups at termination of the experiment.
Biopsies were placed on a Millipore filter, fixed in 4% neutral
formalin, imbedded in paraffin, sectioned at 4 yu and stained
with hematoxilin and eosin. The material was blinded to a
pathologist and the histomorphological changes graded in
accordance to Chiu et al. (1970). Ileal biopsies were also taken
at termination of the experiment from the control (n=>5),
ETara (n=5), ETa+gra (n=5) and ETyxra (n=4) groups and
immediately frozen to —80°C for analysis of myeloperoxidase
activity (MPOa). Full-thickness tissue was homogenized and
the MPO activity was measured as described previously
(Schierwagen et al., 1990).

Experimental protocol

After surgical preparation the animals were allowed 1 h
stabilization. An intravenous endotoxin infusion was started
at O h at a rate of 2.5 ug kg=' h™' and increased stepwise
during 30 min to reach a final infusion rate of 20 ug kg=' h=".

(A-182086). Data presented as mean (s.e.mean). Comparison between
groups performed using ANOVA for repeated measures prior to
intervention (0—2 h) and post intervention (2.5 or 3—5 h). Significant
changes over time prior to intervention for all groups symbolized by
#P<0.01. Significant differences between control group and treated
group during intervention symbolized by **P<0.01, ***P<(.001.
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The endotoxin infusion was discontinued after 3 h and the
animals were observed for another 2 h. After 2 h of endotoxin
infusion, eight animals received an intravenous bolus injection
of the ETa-receptor antagonist (ETra) PDI155080 (Park
Davis, Ann Arbor, MI, U.S.A.) of 10 mg kg~' dissolved in
isotonic saline followed by a continuous infusion of
5mg kg=!' h~! for the rest of the experiment. Seven animals
received a bolus injection of the ETg-receptor antagonist
(ETgra) A-192621 (Abbott Laboratories, Chicago, IL, U.S.A.)
of 10 mg kg~" dissolved in 2% dimethyl sulphoxide (DMSO)
followed by a continuous infusion of 5 mg kg~' h™' for the
rest of the experiment. Six animals received a combination of
ETra and ETgra (ET, . pra) administered as in the groups
above. Eight animals received an intravenous bolus injection
of the mixed ET-receptor antagonist (ETyxra) A-182086
(Abbott Laboratories, IL, U.S.A.) of 5 mg kg~! dissolved in
distilled (deionized) water followed by a continuous infusion of
0.5 mg kg=' h~! for the rest of the experiment. Ten animals
receiving only endotoxin served as control group. From these
controls six received the DMSO vehicle at 2 h while four
received a saline vehicle. MAP, HR and portal venous blood
flow were monitored continuously. Every 30 min CO was
measured, CVP and PVP were recorded and CI, SVRI,
GutVRI and portal-hepatic VRI were calculated. Blood
samples were collected from the aorta, pulmonary artery and
portal vein catheters for analysis of blood gases, in addition
Hb and arterial plasma levels of ET-1-LI were analysed hourly.
PCO, in the saline obtained from the tonometer measured
every hour was used for calculation of intramucosal mucosal
pH (pHi) by means of Henderson-Hasselbalch’s equation

(pHi=6.1+1log [HCO;™]/[PCOyss) x 0.03] where HCO; ™ is the
bicarbonate level in arterial blood and PCOxss, is the PCO,
level at steady state in the saline from the tonometer). Since the
saline in the balloon is not fully equilibrated with the luminal
PCO, after 1h, a correction table, provided by the
manufacturer, was used to obtain PCO, at steady state
(PCOyss)). Mucosal-arterial PCO,gap was calculated as:
[PCOyssy—arterial PCO,]. Mucosal-portal PCO,gap was
calculated as [PCO,ss)—portal venous PCO,).

At 5 h the experiments were terminated and the animals
were sacrificed by a lethal dose of pentobarbital injected into a
central vein.

Statistics

Data are presented as mean (+s.e.mean). An univariate
analysis for repeated measures of variance (ANOVA) was
used for comparison between groups and changes over time
from 0—2 h (prior to intervention) and 2.5 (or 3)—5 h (during
intervention) respectively. The time point 2 h was used as
covariate for the ANOVA during intervention. All treatment
groups were compared to the control group. No statistical
analysis was made between the treatment groups. Control
animals receiving DMSO vehicle (n=6) were compared to
controls receiving saline vehicle (n=4) using ANOVA as
described above. Kruskal-Wallis test, if significant, followed by
Mann Whitney U-test was used for comparison between
control group and other groups for histological grading and
MPOa data obtained from biopsies. Differences were
considered significant at P<0.05. A computer software

Table 2 Splanchnic parameters. Endotoxin control and treated animals. Onset of endotoxin challenge at 0 h and intervention at 2 h.
Data presented as mean (s.e.mean). Comparison between groups performed using ANOVA for repeated measures prior to intervention

(0—2 h) and post intervention (2.5 or 3—5 h)

0h 1h 2 h 3h 4h S5h
Portal blood flow index cardiac index~" ratio (%)
Control 22 (2) 16 (2) 14 (1) 14 (1) 16 (1) 17 Q)#
ETxra 22 (2) 13 (1) 17 (2) 19 (2) 18 (1) 19 (OH#
ETgra 22 (2) 15 (3) 20 (2) 19 (4) 750 #
ETx +pra 22 (1) 16 (3) 17 (2) 23 (2) 23 (3) 22 3)#
ETwmixra 26 (2) 23 (4 22 (4) 24 (4) 24 (3) 26 3)#
Gut vascular resistance index (mmHg min kg 17"
Control 4.8 (0.7) 7.9 (1.4) 5.7 (1.4) 6.4 (1.3) 5.7 (1.7) 5.3 (1.3)#
ETara 4.5 (0.6) 11.3 (2.0) 5.0 (1.2) 2.3 (0.4) 2.3 (1.0) 2.1 (0.3)#
ETgra 4.1 (0.5) 6.1 (0.9) 1.7 (0.3) 2.2 (0.3) 1.4 () #
ETx 4 pra 3.9 (0.9) 5.4 (0.8) 2.1 (0.5) 1.4 (0.4) 1.4 (0.4) 1.3 (0.4)#
ETmixra 2.5 (0.1) 5.2 (1.0) 2.6 (0.4) 1.4 (0.1) 1.3 (0.2) 1.4 (0.3)#
Portal venous pressure (mmHg)
Control 10 (0.9) 13 (0.9) 11 (0.9) 13 (0.81) 12 (0.6) 12 (0.8)#
ETxra 11 (0.9) 14 (0.9) 14 (1.4) 15 (0.8) 15 (1.0) 15 (0.8)#
ETgra 6 (1.2) 10 (2.7) 9 (2.1) 11 (2.7) 110 #
ETx +pra 9 (1.6) 10 (1.7) 9 (1.3) 8 (1.2) 10 (1.1) 9 (1.3)# **
ETwmixra 7 (1.5) 13 (1.4) 12 (1.4) 11 (1.6) 13 (1.1) 11 (1.2)#
Gut oxygen consumption index (ml kg™ min~")
Control 0.74 (0.08) 0.70 (0.09) 0.69 (0.07) 0.71 (0.07) 0.69 (0.07) 0.70 (0.08)
ETxra 0.56 (0.09) 0.67 (0.15) 0.77 (0.07) 0.85 (0.09) 0.75 (0.08) 0.68 (0.04)
ETgra 0.96 (0.12) 0.94 (0.15) 0.97 (0.08) 0.72 (0.04) 0.56 () §
ETx 4 pra 0.68 (0.17) 0.87 (0.24) 0.85 (0.13) 0.69 (0.13) 0.76 (0.12) 0.82 (0.10)
ETwmixra§ 0.68 (0.06) 1.03 (0.28) 0.86 (0.13) 0.95 (0.20) 0.82 (0.15) 0.80 (0.10)§
Portal-hepatic vascular resistance index (mmHg min~' kg™ ")
Control 0.30 (0.08) 0.73 (0.16) 0.85 (0.33) 1.23 (0.17) 1.09 (0.27) 1.20 (0.33)#
ETxra 0.22 (0.04) 0.89 (0.23) 1.08 (0.25) 0.94 (0.18) 0.89 (0.12) 0.91 (0.13)#
ETgra 0.21 (0.03) 1.04 (0.40) 0.40 (0.06) 1.07 (0.20) 0.91 () #
ETx 4 pra 0.29 (0.06) 0.67 (0.19) 0.43 (0.10) 0.23 (0.04) 0.29 (0.05) 0.25 (0.05)#*
ETwmixra 0.12 (0.01) 0.55 (0.17) 0.54 (0.12) 0.33 (0.07) 0.40 (0.08) 0.29 (0.06)#*

Significant changes over time prior to intervention symbolized by #P <0.05. Significant differences between control group and treated
group prior to intervention symbolized by §P<0.05 and during intervention symbolized by *P <0.05, **P<0.01.
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Figure 3 Tonometrical parameters. Endotoxin control and treated
animals. Onset of endotoxin challenge at 0 h and intervention at 2 h.
ETara=ET, receptor antagonist (PD155080); ETgra=ETg receptor

program (Statistica 5.1, StatSoft Inc., Tulsa, OK, U.S.A.) was
utilized for statistical calculations.

Results

All animals subject to ETgra treatment died from progressive
hypodynamic shock prior to termination of experiments. For
this reason there were no statistical calculations made between
the ETgra animals and the control group during the
intervention period. The effect of ETgra treatment is not
further commented under results. In addition, one animal in
the ET,ra group died prior to termination while all other
animals survived for full time (5 h) of the experiments.

Systemic haemodynamics, oxygen delivery and
consumption (Figure 1 and Table 1)

Endotoxaemia resulted in notable decrease in CI and DO.i
that was counteracted by ET,.gra and ETyyxra treatment
while ET sra administration had no effect on these parameters.
Endotoxin infusion increased HR significantly while no
intervention further affected this parameter. MAP was reduced
in response to endotoxin infusion. A significant difference was
noted between the control group and the ETgra and ETyxra
group prior to onset of intervention at 2 h. MAP was slightly
but significantly reduced by ETra treatment while no
differences were seen between the ET,,gra and ETyxra
groups and control animals. After an initial peak at
aproximately 0.5 h SVRI was mainly unchanged in the control
group. A significant difference between ETgra and controls
was seen prior to intervention at 2 h. ETra, ET, . gra and
ETyuxra treatment all reduced SVRI significantly as compared
to control animals. VO,i differed significantly between the
ETgra, ETyuxra group and control animals prior to onset of
intervention. No differences were observed between groups in
response to intervention. In accordance with the changes in
DOsi the SvO, was significantly reduced during endotoxaemia.
ETA gra and ETyxra treatment resulted in a reversal of this
reduction while the decrease was further accentuated in the
other groups.

Regional haemodynamics, oxygen delivery and
consumption (Figure 2 and Table 2)

Both Qpvi and DOsigut were profoundly reduced by
endotoxin challenge. Moreover, these reductions were more
pronounced than on the systemic level as the Qpvi Cl1~! ratio
was significantly reduced during the initial phase of endotox-
aemia. Both ET,.gra and ETyuxra treatment effectively
counteracted the endotoxaemia-induced reduction in Qpvi
and DO,igut. ETra treatment alone had no effect on these
parameters. A tendency by ET4 . gra treatment to increase the
Qpvi CI17! ratio compared to controls did not reach statistical
significance (P<0.053). GutVRI increased substantially in
response to endotoxaemia with an initial peak at approxi-

antagonist (A-192621); ET4 . gra=simultaneous administration of
ETara and ETgra; and ETyxra=mixed ET receptor antagonist (A-
182086). Data presented as mean (s.e.mean). Comparison between
groups performed using ANOVA for repeated measures prior to
intervention (0—2h) and post intervention (3—5h). Significant
changes over time prior to intervention for all groups symbolized
by #P<0.05. Significant differences between control group and
treated group during intervention symbolized by *P<0.05.
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mately 1 h. A non-significant tendency to reduction was seen
in response to ETsra (P<0.07), ETs.pra (P<0.08) and
ETwxra (P<0.07) treatment. Endotoxin infusion induced an
increase in PVP and only ET,.pra treatment reduced this
parameter significantly. A significant difference was seen in
VO,igut between ETgra and control animals prior to
intervention while no significant differences were observed
between groups during intervention. Endotoxin infusion
reduced portal venous oxygen saturation markedly. Treatment
with ET, , gra and ETyxra reversed this reduction effectively.
No improvements were seen in the other treatment groups as
compared to controls. Portal-hepatic VRI increased notably in
response to endotoxin administration. This increase was
effectively counteracted by both the ET,.pra combination
and ETyxra treatment while no changes were seen by ETara
treatment alone.

Intestinal tonometry (Figure 3)

Endotoxin challenge induced profound changes in parameters
obtained by tonometry. Intestinal mucosal pHi was notably
reduced while increases were seen in both mucosal-arterial
PCO,gap and mucosal-portal PCO,gap. These data demon-
strate mucosal susceptibility to endotoxin. Despite the clear
increase in DOsigut in response to both ET4 . gra and ETyxra
treatment only the latter was able to improve pHi and reduce
mucosal-arterial PCO,gap. None of the treatments improved
mucosal-portal PCO,gap.

Acid-base status and haemoglobin (Table 1)
Both ET 4, gra and ET\yxra treatment reversed the endotoxin-

induced metabolic acidosis seen as reductions in BE and pHa.
No beneficial effects were seen from the other treatments.
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Figure 4 Box plot of histological intestinal mucosal damage.
Grading from 0-5 according to Chiu et al. (1970). Biopsies obtained
prior to endotoxaemia (PRE, n=38) first box, control animals
(CTRL) at Sh (n=6) second box, ETsipra (simultaneous
administration of the ET, receptor antagonist (PD155080) and the
ETp receptor antagonist (A-192621)) treated animals at 5h (n=5)
third box and ETyxra (mixed ET receptor antagonist (A-182086))
treated animals at 5 h (n=4) fourth box. Biopsies obtained prior to
endotoxaemia and from treatment groups compared to control
animals by Kruskal-Wallis test if significant followed by Mann-
Whitney U-test. P values displayed in figure. Data presented as
median (line), 25-75% (box), min—max (error bars).

Haemoconcentration with a peak at approximately 1 h was
noted during the initial phase of endotoxaemia. Significant
differences were seen between the ETara, ETgra and control
group prior to intervention while no significant differences
were seen thereafter.

Intestinal histology and myeloperoxidase activity
(Figures 4 and 5)

Endotoxemia induced clear histological damage to the ileal
mucosa where control animals had a significantly higher grade
as compared to biopsies obtained prior to endotoxaemia
(P<0.003). A tendency for both ET,,gra and ETyxra
treatment to reduce these histological changes did not reach
statistical significance (P<0.09 and 0.12 respectively). No
significant differences between groups were observed for
MPOa in the ileal biospsies.

Endothelin-1-like immunoreactivity (Figure 6)

Endotoxin induced a progressive increase in plasma ET-1-LI in
control animals and at 5 h the levels were 4 fold higher than at
baseline. The ET-1-LI levels were profoundly increased by
administration of ETy receptor antagonists as administration
of ETgra, ET, . gra and ETyxra at 2 h generated a 10 fold
increase compared to baseline levels, significantly higher than
the control group. No further increase in plasma ET-1-LI was
seen upon ETra administration.

Saline and DMSO vehicle

No significant differences were observed between control
animals receiving saline (n=4) and DMSO (n=6) vehicle
respectively in any parameter except for Qpvi which was
slightly lower in DMSO vehicle animals (data not shown).
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Figure 5 Box plot of ileal myeloperoxidase activity. Displayed as
units per gram protein content. Biopsies obtained from control
animals at 5h (n=5) first box, ETara (ETA receptor antagonist
(PD155080)) treated animals (n=35) at S h second box, ETx pra
(simultaneous administration of the ET, receptor antagonist
(PD155080) and the ETg receptor antagonist (A-192621)) treated
animals (z=6) at 5 h third box and ETyxra (mixed ET receptor
antagonist (A-182086) treated animals at 5h (n=4) fourth box.
Kruskal-Wallis test for group comparison was not significant. Data
presented as median (line), 25—75% (box), min—max (error bars).
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Figure 6 Endothelin-1 like immunoreactivity in arterial plasma.
Endotoxin control and treated animals. Onset of endotoxin challenge
at 0 h and intervention at 2 h. Data presented as mean (s.e.mean).
Comparison between groups performed using ANOVA for repeated
measures prior to intervention (0—2 h) and post intervention (3—
5 h). Significant changes over time prior to intervention for all groups
symbolized by #P<0.05. Significant differences between control
group and treated group during intervention symbolized by
***P<0.001.

Discussion

A major finding in this study is that simultaneous administra-
tion of selective ET, (PD155080) and ETg (A-192621) as well
as a non-selective endothelin receptor antagonist (A-182086)
significantly increased both systemic and gut oxygen delivery
and reversed systemic acidosis. Furthermore, the non-selective
ET receptor antagonist reduced ileal mucosal acidosis. In
contrast, separate administration of the ET, receptor
antagonist provided no major beneficial effects while detri-
mental effects were noted from selective ETgy receptor
antagonism alone.

Under physiological conditions ET-1 is constantly pro-
duced and participates in regulation of vascular tone
(Weitzberg et al., 1994). It acts mostly as a paracrine mediator
mainly secreted abluminally suggesting that plasma levels
reflect only a fraction of the total activity. However, increased
production may be seen in various conditions such as in septic
and endotoxin shock (Weitzberg et al., 1991a; Pittet et al.,
1991; Takakuwa et al., 1994). During endotoxaemia the
increased synthesis and release of endothelin results in several
fold increases in plasma levels and ET-1 may then act as a
circulating mediator (Ahlborg et al., 1995). Infusion of ET-1 in
healthy volunteers induces some of the manifestations seen in
sepsis, such as, reduced splanchnic and renal blood flows,
lowered cardiac output and pulmonary hypertension (Weitz-
berg et al., 1991b; 1993). Apart from perfusion disturbances
several other features of sepsis and endotoxin shock may be
related to endothelin receptor activity. Activation of leuko-
cytes with subsequent extravasation and production of
myeloperoxidase and cytokines as well as renal dysfunction
have all been demonstrated in response to ET (Lopez Farre et
al., 1993; Helset et al., 1994; Rubanyi & Polokoff, 1994;
Cunningham, 1997).

In this study CI decreased early in the course of
endotoxaemia while MAP decreased somewhat later generat-

ing a notable transient increase in SVRI. Administration of
ETsra did not affect CI but reduced MAP and SVRI
suggesting presence of ET, receptor-mediated vasoconstric-
tion in response to endotoxaemia. Both ETyxra and ET4 . gra
restored CI and reduced SVRI without affecting MAP
suggesting that addition of ETgy receptor antagonism is
important for cardiac output in this model of endotoxaemia.
Paradoxically, all animals that received the ETg receptor
antagonist alone died prior to full time of the experiment. One
important function of the ETj receptor is clearance of plasma
ET (Dupuis et al., 1996). Antagonism of the ETy receptor
increases circulating ET-1 levels several fold in particular
during endotoxaemia (Dupuis et al., 1996; Oldner et al., 1998).
Thus, the subsequent increase in ET, receptor stimulation as a
consequence of the elevated ET-1 levels may have contributed
to the lethal effect of ETy receptor antagonism seen in this
study. In addition, loss of endothelial ETy, receptor-mediated
vasodilation modulating the ET, receptor-induced vasocon-
striction may also have contributed to the lethal response to
selective ETg receptor antagonism. A direct toxic effect by
ETgra is not likely as administration simultaneously with
ETra proved to be beneficial. The subtle effects seen from
ET,ra treatment suggest that ETgy receptor activity is of
pathophysiological importance in the current model but that
the beneficial effects from ETgra treatment may be concealed
unless the ET, receptor is antagonized simultancously. The
changes and treatment-response in DO,i did not differ from
CI. Surprisingly, despite the marked initial decrease and total
restoration of DO, in two of the treatment groups no
corresponding changes were observed in VO, suggesting a
lack of oxygen supply dependency in this model.
Administration of endotoxin notably reduced both Qpvi
and DO,igut. This reduction was more pronounced in the gut
than in general as the Qpvi Cl™' ratio decreased significantly
during early endotoxin shock. A reduction in gut oxygen
delivery is not a mandatory finding during sepsis and
endotoxaemia. Increases in gut oxygen delivery often
accompanied by even more pronounced increases in gut
oxygen consumption are well-described findings in human
septic shock (Dahn ef al., 1987, Ruokonen et al., 1993). In
experimental settings the response is very much dependent on
the model utilized. Species, way of shock induction and
amount of volume loading may all affect the response. In the
current model administration of a non-selective ET-receptor
antagonist or simultaneous administration of the selective ET
and ETjy receptor antagonists effectively counteracted the
endotoxin-induced reduction in Qpvi and DO.igut. In
contrast, use of a selective ET, receptor antagonist did not
affect these parameters and selective ETy receptor antagonism
proved to be fatal. A tendency for ETara, ET, pra and
ETyixra to reduce GutVRI did not reach statistical
significance. The finding that non-selective antagonism of ET
receptors is effective is consistent with previous studies
including a study from our laboratory where, bosentan, a
non-selective ET receptor antagonist completely reversed the
profound reduction in gut oxygen delivery in a similar
experimental model (Wilson et al., 1993; Oldner et al., 1998).
The lack of beneficial effects by selective ET, receptor
administration, except for a tendency to reduce GutVRI, is
somewhat surprising as this receptor has been advocated as an
important mediator of splanchnic perfusion disturbances
(Massberg et al., 1998; Kayashima et al., 1998). Miura et al.
(1996) could demonstrate increased red blood cell velocity and
reduced mucosal damage in the ileum when pretreating
endotoxaemic rats with BQI123 a selective ET, receptor
antagonist. Massberg et al. (1998) effectively counteracted
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ET-1 induced intestinal mucosal damage in rats pretreated
with ET, receptor antagonists while ETp receptor antagonism
proved to be non effective.

Mucosal acidosis as seen in the present study is a common
feature in septic and endotoxin shock and may have important
clinical bearings. Translocation of gut derived endotoxin and
bacteria across a hyperpermeable gut barrier have been
suggested to promote multiple organ failure in critically ill
patients (Deitch, 1990). Reductions in mucosal pHi have in
several clinical studies been associated with bad outcome in
this group of patients (Doglio et al., 1991; Gutierrez et al.,
1992). The use of mucosalarterial PCO,gap, i.e. the difference
in carbon dioxide tension between the mucosa as obtained by
tonometry and arterial blood has been advocated as a more
precise measure of mucosal oxygenation than calculated pHi.
Respiratory acid-base changes and infusion of buffering agents
may affect calculated pHi without reflecting primary changes
in the mucosal oxygenation (Benjamin et al., 1992a,b). In the
present study both calculated mucosal pHi and mucosal-
arterial PCO,gap deteriorated markedly in response to
endotoxaemia. This was also the case for mucosal-portal
PCO,gap, utilized as a measure of the intestinal mucosa in
relation to the gut in general (including the spleen and
pancreas). The changes seen reflect mucosal vulnerability
during endotoxaemia. Administration of ET antagonists at
2 h had differentiated effects on tonometrical parameters. Only
treatment with ETy;xra was able to improve calculated pHi
and mucosal-arterial PCO,gap while a tendency by this drug to
reduce mucosal-portal PCO,gap did not reach statistical
significance. Surprisingly, the combination of ET4.pra did
not improve any of these parameters despite a total restoration
of gut oxygen delivery in this group. No difference between
ET, . gra and ETyxra was seen in the ileal biopsies where both
treatments had a tendency, not reaching statistical significance,
to improve histological grading that was markedly affected by
endotoxaemia. Even though biopsies were obtained from a
limited number of animals there was a discrepancy to
tonometrical parameters making interpretation of the mucosal
effects by ET, . gra and ETyxra somewhat difficult. However,
in a previous study from our laboratory, administration of
bosentan also restored gut oxygen delivery and reduced
mucosal acidosis. These differences in findings may be due to
different effects of these drugs on the intestinal microcircula-
tion. The balance between ET, and ETg receptor antagonism
may be of importance for these effects. A dominant ET,
receptor blockade profile has been shown in vitro for bosentan
(approximately 20: 1) and A-182086 (approximately 4: 1), the
drugs with the most beneficial effects on mucosal pHi in the
current study (Clozel, 1994). The relation between gut oxygen
delivery and mucosal homeostasis is complex in sepsis and
endotoxaemia. Increases in regional oxygen consumption and
microcirculatory dysregulation may contribute to acidosis in
these conditions (Ruokonen et al., 1993; Dahn et al., 1987,
Takala, 1997; Humer et al., 1996; Schumacker, 1996).
Alterations in blood flow distribution between mucosa and
muscularis may generate mucosal acidosis without apparent
changes in regional blood flow (Schumacker, 1996). Moreover,
disturbances in mitochondrial respiration reducing oxygen
utilization capacity during endotoxaemia and sepsis have been
suggested to contribute to mucosal acidosis even in the
presence of oxygen (Fink, 1997; Unno et al., 1997). ET may
also exercise harmful effects on mucosal integrity during non-
endotoxaemic conditions. In haemorrhagic shock ET antagon-
ism may protect against shock-induced gastric mucosal
ulcerations (Michida er al., 1994; Kitajima et al., 1995) while
local administration of ET may induce mucosal damage in

non-shocked animals (Whittle & Lopez-Belmonte, 1993;
Lopez-Belmonte & Whittle, 1994). Increases in MPOa
following activation of neutrophils may be seen in inflamma-
tory states and have been demonstrated in response to ET-1
infusion and in experimental colitis pretreatment with
bosentan reduced colonic MPOa in rats (Lopez Farre et al.,
1993; Hogaboam et al., 1996). In the current study no
reduction of MPOa was seen in response to treatment, findings
consistent with a study by Alican et al. where no effect was seen
in response to ET antagonism in a model of gut ischaemia-
reperfusion in the rat (Alican et al., 1998).

The blood flow through the gut is also dependent on the
outflow conditions through the liver (Ayuse et al., 1995).
Endotoxaemia-induced increases in PVP, as seen in the current
study, may contribute to splanchnic blood pooling and edema
formation. Interestingly, regulation of liver perfusion seems to
depend largely on ET-receptor activity during endotoxaemia.
Infusion of ET-1 into the portal vein markedly reduces
sinusoidal blood flow in a dose-dependent manner (Bauer et
al., 1994). Release of ET-1 from sinusoidal endothelial cells
acting on Ito cells mediating contraction has been one
suggested flow regulating mechanism (Tanikawa, 1995).
Moreover, endotoxin has been reported to enhance portal
venous contractile response to ET-1. Pannen et al. showed that
bosentan only slightly reduced hepatic vascular resistance in
sham animals while it had a notable effect during endotox-
aemia (Pannen et al., 1996b). In the current study endotox-
aemia induced a 6 fold increase in portal-hepatic VRI in the
control group. Non-selective ET-receptor antagonism effec-
tively counteracted the endotoxaemia-induced increase in this
parameter reaching close to baseline levels at 5 h. These
findings support the concept of ET being highly important in
liver blood flow regulation during endotoxaemia. Both ET,
and ETjy receptors have been reported to mediate vasocon-
strictive response in the liver (Zhang et al., 1995) but the
reports in the literature concerning the relative importance of
these receptors are not uniform. Partly in agreement with the
findings in the present study Iwai et al. noted that
hepatocellular damage and blood flow disturbances in
perfused rat livers in response to ET-1 infusion were
aggravated by both selective ETsra and ETgra while
simultaneous administration resulted in improvement of both
parameters (Iwai et al., 1998). Likewise Zhang et al. (1997)
demonstrated that combined ET, and ETg antagonism was
necessary to fully antagonize the effect of ET in isolated
perfused rat livers. However, both ET, and ETjy receptor
antagonism were partly effective in that study. In contrast,
Ruetten et al. observed reduced hepatocellular injury in
endotoxaemic rats treated with ETy but not ET, receptor
antagonists (Ruetten & Thiemermann, 1996) and Nishida e al.
(1998) noted an aggravated endotoxin-induced hepatic injury
in rats treated with selective ET, receptor antagonists. Thus,
the effects of ET on the liver are complex and heterogeneous.
Portal-hepatic VRI as calculated in the current study is an
estimate of the portal portion of hepatic vascular resistance.
Under physiological conditions reductions in portal blood flow
is compensated by a decrease in hepatic arterial resistance, an
adenosine-dependent mechanism referred to as the hepatic
arterial buffer response (Lautt et al., 1985). The changes in
portal blood flow and increase in portal-hepatic VRI in the
present study may be of particular importance if not
compensated for by hepatic arterial blood flow. In endotox-
aemia the buffer response has been demonstrated to be
impaired (Ayuse et al., 1995). In a recent study by Bathe et
al. (1998) the hepatic arterial blood flow was more reduced
than portal venous blood flow in endotoxaemic pigs. These
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data suggest that the changes seen in current study may not
have been compensated for by an increase in hepatic arterial
blood flow.

A central feature in shock is cellular energy depletion with
ATP hydrolysis generating hydrogen ions (Gutierrez & Wulf,
1996). In the current study a profound endotoxin-induced
metabolic acidosis was counteracted by both ET,.gra and
ETwuixra. The increase in both systemic and regional oxygen
delivery seen in these groups is likely to have contributed to
this finding.

The vehicle used for ETgra in the present study, DMSO,
may exert anti-oxidant properties. Wray et al. (1998) recently
reported reduced liver injury in endotoxaemic rats treated with
DMSO. However, no significant differences were seen between
DMSO and non-DMSO treated control animals with the
exception of Qpvi that was slightly lower in the DMSO group.
These data suggest that DMSO did not exert any favourable
effects in the present study.

The relative pathophysiological importance of ET, as
opposed to ETy receptor activity in sepsis and endotoxaemia
is complex. The literature is inconsistent and the findings vary
substantially with the experimental model in terms of species,
way of shock induction and duration of experiment. More-
over, the results from pretreating as opposed to treatment
during fulminate shock as in the current study may differ
substantially. The situation may be further complicated by
interaction between receptors referred to as receptor ‘cross-
talk’. Ozaki et al. (1997) demonstrated reduced ETy receptor
affinity for both ETy receptor agonists and antagonists when
ET4 receptors in the same cell was stimulated. Therefore, data
obtained in one model regarding relative importance of
subgroups of ET receptors may not prove valid in an other.
Clearly, the role of specific ET receptors in human septic
pathophysiology must be further elucidated.

In conclusion, in this porcine model administration of
endotoxin resulted in profound reductions in both systemic
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